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Introduction
Chronic obstructive pulmonary disease (COPD) is an inflammatory disorder characterized by persistent airflow limitation, affecting approximately 10% of adults over 40 years of age. 1 The World Health Organization projects that COPD will become the third leading cause of death worldwide by 2030. 2 Local pulmonary inflammation, which is characterized by an abnormal inflammatory response induced by a variety of cytokines and activated inflammatory cells in response to cigarette smoke and other environmental pollutants in a susceptible host, is a hallmark of COPD. 3 An increasing body of evidence indicates that COPD is associated with systemic inflammation, in addition to local pulmonary inflammation. 4, 5 Indeed, systemic inflammatory biomarkers such as C-reactive protein (CRP), circulating leukocytes, interleukin-6, interleukin-8, fibrinogen, and tumor necrosis factor-α, are elevated in patients with COPD compared with subjects without COPD; 6-10 furthermore, CRP is a predictor of prognosis in patients with COPD. 11 The association between CRP levels and lung function, however, is not well characterized. Several investigators have reported an inverse cross-sectional relationship between CRP levels and lung function 12, 13 as well as an association between CRP levels and a higher likelihood of a clinical diagnosis of COPD. 14, 15 In contrast, several studies have reported negative or no associations of CRP levels with lung function decline. 16, 17 Smoking, a single most important risk factor for COPD, can lead to systemic inflammation and subsequently reduce lung function. However, there has been controversy on whether systemic inflammation by itself after adjusting smoking status and other confounding factors could induce lower lung function and COPD. 13, 14 In the present study, we used data from a large cohort of apparently healthy middle-aged adults (≥40 years old) free of COPD at baseline to examine the association between CRP levels and COPD development based on repeated spirometry measures over follow-up by smoking status.
Methods

Study population
The Kangbuk Samsung Health Study, a multicenter cohort study, involves adult men and women who underwent a comprehensive health examination at the clinics of the Total Healthcare Center of the Kangbuk Samsung Hospital in Seoul and Suwon, South Korea, between January 1, 2002, and December 31, 2016. 18 The present analysis was restricted to participants with at least one follow-up visit between January 1, 2011, and December 31, 2016 (n=311,524; Figure 1 ). We subsequently excluded participants younger than 40 years (to exclude patients with potential asthma, and onset age of COPD is usually >40 years old, n=223,891); participants with a history of COPD (n=1,299), asthma (n=1,023), tuberculosis (n=5,071), lung cancer (n=27), or lung surgery (n=98); participants with serum high-sensitivity C-reactive protein (hsCRP) level >5 mg/L (n=2,979) since these values can result from acute infection or reflect short-term inflammatory responses; and participants with baseline forced expiratory volume in 1 second (FEV 1 )/forced vital capacity (FVC) <0.7 (n=2,160). We then excluded participants with missing hsCRP measurements (n=1,323), spirometry data and selfreported COPD status (n=7,674), or other covariates (n=2,719). The final study sample included 63,260 participants (38,843 men and 24,417 women).
The Institutional Ethics Committee of Kangbuk Samsung Hospital approved this study. The requirement of informed consent was waived as we only used deidentified data routinely collected during health screening visits.
Data collection
At each screening visit, we collected data on demographic characteristics, smoking status, alcohol consumption, physical activity, medical history, and medication use through standardized, self-administered questionnaires. The smoking status was categorized into never, former, or current smoker. Alcohol consumption was categorized into none, moderate (≤30 grams/day in men and ≤20 grams/day in women), or heavy (>30 grams/day in men and >20 grams/ day in women). The frequency of vigorous physical activity was categorized into 0, 1-3, or >3 times/week. Height, weight, and sitting blood pressure were measured by trained nurses. Body mass index was calculated as weight in kilograms divided by height in meters squared. Blood pressure was measured using an automated oscillometric device (53,000, Welch Allyn, NY, USA) in the sitting position with the arm supported at the heart level. Hypertension was defined as a systolic blood pressure of ≥140 mmHg, a diastolic blood pressure of ≥90 mmHg, or current use of antihypertensive medication. Spirometry was performed as recommended by the American Thoracic Society, 19 using Vmax 22 spirometers (SensorMedics, Yorba Linda, CA, USA). We used the highest FVC and FEV 1 of three or more tests with acceptable curves, and COPD was defined as FEV 1 /FVC <0.7 or self-reported COPD status. The forced vital capacity (FVC) is the amount of air that can be forcefully exhaled during the FVC maneuver, and the forced expiratory volume in one second (FEV 1 ) is the amount of air expelled during the first second. The ratio of FEV 1 and FVC (FEV 1 / FVC) is used as an indicator of airway obstruction.
We obtained blood samples after participants had fasted for at least 10 hrs. Serum hsCRP was measured with a particle-enhanced immunoturbidimetric assay on a Modular Analytics P800 apparatus (Roche Diagnostics, Tokyo, Japan). Serum total cholesterol and triglycerides were determined with an enzymatic colorimetric assay. High-density lipoprotein cholesterol was measured directly with a homogeneous enzymatic colorimetric assay. Diabetes was defined as a fasting serum glucose ≥126 mg/dL, hemoglobin A1c ≥6.5%, or current use of insulin or antidiabetic medications.
Statistical analyses
The study endpoint was development of incident COPD. Follow-up time was calculated from the baseline examination to COPD development or to the last health examination conducted for each participant, whichever occurred first. Because the exact time of COPD onset was unknown and it was between the visit for COPD diagnosis and the previous visit, we used flexible parametric proportional hazard models to account for this type of interval censoring. 20 This survival model parameterized log cumulative hazards as natural cubic splines of log time with 3 internal knots at the 25th, 50th, and 75th percentiles. We estimated the hazard ratios for incident COPD comparing quintiles 2-5 of the CRP level to the lowest quintile. In addition to categorical analysis, we modeled hsCRP as a continuous variable using restricted cubic splines (with knots at the 5th, 35th, 65th, and 95th percentiles of its sample distribution) to provide a flexible model for the dose-response relationship between hsCRP and COPD.
We used three models with increasing degrees of adjustment to account for potential confounding factors. The first model was adjusted for age (continuous), sex, and study center (Seoul or Suwon). The second model was further adjusted for smoking (never, former, or current), physical activity (0, 1-3, or >3 times/week), alcohol consumption (none, moderate, or high), and body mass index (continuous). The third model was further adjusted for baseline FEV 1 (continuous). The fourth model was further adjusted for hypertension (yes or no), total and high-density lipoprotein cholesterol (continuous), triglycerides (continuous), and fasting glucose (continuous).
In addition, interaction analyses were explored in prespecified subgroups defined by age (<50 and ≥50 years), sex, smoking, alcohol drinking, vigorous physical activity, body mass index (<25 and ≥25 kg/m 2 ), hypertension, and diabetes. All reported P-values were two-sided, and the significance level was set at 0.05. All analyses were performed using Stata version 15 (StataCorp LP, College Station, TX, USA).
Results
The average (standard deviation) age of the study participants was 46.8 (6.3) years. During 303,125 person-years of follow-up (mean follow-up: 4.9 years), 4,259 participants developed COPD. Current smokers were younger and had higher FEV 1 and FVC than did never smokers at baseline but were more likely to develop COPD during follow-up (Table 1) . Participants who developed COPD during follow-up were on average older and more likely to be male, alcohol drinkers, hypertensive, and physically active than those who did not develop COPD (Table S1 ).
The multivariable-adjusted hazard ratio (95% confidence interval) for incident COPD comparing participants in the highest quintile of baseline hsCRP (1.4-5 mg/L) with those in the lowest quintile (0.1-0.2 mg/L) was 1.17 (1.06, 1.29; P trend <0.001; Table 2 ). The multivariableadjusted hazard ratio (95% confidence interval) comparing participants in the 90th to those in the 10th percentile of hsCRP was 1.19 (1.08, 1.31). The corresponding hazard ratios in never, former, and current smokers were 1.07 (0.89, 1.29), 1.22 (1.05, 1.42), and 1.22 (1.05, 1.41), respectively. However, adjusted hazard ratio comparing the 5th to the 1st quintile was most pronounced in the former smoker group (HR 1.22; 1.04-1.45), and less pronounced in the current smoker group (HR 1.14; 0.97-1.33).
The dose-response curve obtained using restricted cubic splines showed an increased risk of incident COPD with increasing hsCRP levels, although the increasing trend plateaued above hsCRP levels of 2 mg/L (P-value for nonlinear spline terms =0.002; Figure 2A ). The association between hsCRP levels and incident COPD had a similar dose-response pattern in former and current smokers ( Figure 2B ). In subgroup analyses, the risk of incident COPD increased with increasing hsCRP levels in all subgroups analyzed (Figure 3 ), except women, never smokers, non-drinkers, and participants with diabetes.
Discussion
In this large study of apparently healthy adult men and women over 40 years old, we found that high baseline hsCRP levels were significantly associated with an increased risk of COPD in ever smokers but not in never smokers, suggesting hsCRP can be regarded as a predictive marker, but not as an independent risk factor for developing COPD.
Several studies have demonstrated that patients with stable COPD have increased CRP levels compared with healthy controls, 4, 6, 21 and that patients with severe COPD have higher serum CRP levels than those with moderate COPD. 22 In prospective studies, however, the association of CRP levels with lung function decline is not yet conclusive. Rasmussen et al reported that a higher level of CRP at age 20 is associated with a greater reduction in FEV 1 over nine years. 23 The Coronary Artery Risk Development in Young Adults cohort study also showed that a higher year 7 CRP level was associated with greater loss of FEV 1 and that, among participants with greater than 10 pack-years of cigarette exposure, year 7 CRP levels were associated with greater odds of COPD. 24 However, in a 16-year follow-up study in elderly subjects, baseline CRP levels failed to show a significant correlation with future lung function, whereas baseline fibrinogen levels showed an inverse correlation with future lung function. 17 Conflicting information also exists regarding the association between serum CRP concentration and incident COPD, although available studies are somewhat limited. In our study, elevated baseline hsCRP levels were associated with incident COPD. This increased risk remained significant after adjustment for several confounders, including age, sex, smoking status, body mass index, diabetes mellitus, and concomitant cardiovascular disease, which are also associated with elevated CRP levels. [25] [26] [27] Consistent with our results, hsCRP >3 mg/L was associated with a significantly increased risk of incident COPD compared with hsCRP <1 mg/L among subjects aged 55 years or older in the population-based Rotterdam cohort study. 14 However, Dahl et al found that, although elevated plasma CRP >3 mg/L is related to both a diagnosis of COPD and subsequent hospital admission, elevated CRP is not genetically associated with an increased risk of COPD, suggesting that the association between CRP levels and COPD is not causal. 15 Moreover, the mechanisms underlying systemic inflammation in patients with COPD are not clearly defined. There are two different theories on these mechanisms: first, the inflammatory process primarily originates in the airways and lung parenchyma and then "spills over" into the systemic circulation; 28, 29 second, similar to atherosclerosis and coronary artery disease, 30 COPD is the result of a systemic component that develops parallel to, or before, lung inflammation. 28, 31 In this study, CRP levels were lower in never smokers, but increased in former and current smokers, which supports the "spills over" theory in the development of COPD.
Our subgroup analysis revealed that CRP levels were not associated with the risk of COPD in never smokers, which suggests that risk factors other than smoking may be associated with the development of COPD. In particular, gender-related difference remains controversial, and little is known about the relationships among sex, CRP, and never-smoker COPD. In this study, the 76.5% of never smokers were female, and the hazard ratio for COPD in women is stronger than in never smokers, (1.17 vs 1.08), indicating that the lower risk for COPD in never smokers are not due to female sex. Moreover, in the subgroup analysis, the hazard ratio for women and men were similar, and the interactions by sex and smoking status were not statistically significant. An estimated 25-45% of patients with COPD have never smoked. 32 Although genetic factors, outdoor air pollution, environmental smoke exposure, biomass smoke, and occupational exposure are all possible contributing factors for COPD in non-smokers, 33 their assessment was not included in the present study. Thus, the origin or nature of systemic inflammation among the non-smoking subjects with COPD in this study could not be clearly determined. More investigations are required to verify the contribution of each risk factor to the development of COPD in order to better understand COPD in nonsmokers.
We found that those who developed COPD during follow-up had higher baseline FVC, similar FEV 1 , and lower FEV 1 /FVC ratio compared with those participants without developed COPD. Since the volume of adult female is smaller than that of male, one of the possible reasons for higher baseline FVC in participants who developed COPD compared with those without COPD is sex difference. A total of 69.6% of participants in the COPD group were male, which is higher than those in the no COPD group (57.3%). In addition, even though we cannot precisely determine the cut-off threshold, this data suggest that participants with reduced FEV 1 /FVC even within the normal value should be carefully followed-up for the development of COPD.
Diabetes is often associated with impaired lung function, but in this study, participants with diabetes were not associated with the risk of incident COPD. One of the explanations is that impaired lung function in those with diabetes is not consistent. A meta-analysis performed in participants with diabetes reported restrictive disease pattern rather than obstructive pattern seen in COPD. 34 Moreover, other risk factors including age, smoking status, obesity, life style modification, comorbidity, and effect of anti-diabetic medication can affect this relationship. Further studies are necessary for a better understanding of the potential links between diabetes and COPD.
The strengths of the present study compared to those of previous studies are its large sample size and the use of high-quality procedures. However, our study had several limitations. First, the presence of asthma at baseline was excluded only by questionnaire. Second, since we did not measure other airway inflammatory biomarkers, we could not establish the mechanism underlying the association between elevated CRP levels and the development of COPD. A longitudinal study investigating a combination of biomarkers and incident COPD should be performed. Finally, further research is needed to determine whether treatment of systemic inflammation is associated with prevention of COPD or favorable long-term clinical outcomes, such as decreased morbidity and mortality.
Conclusion
Our findings showed that higher baseline hsCRP is associated with an increased risk to develop COPD in ever smokers but not in never smokers. These data suggest the role of systemic inflammation in the development of COPD by smoking status.
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